The aconitase gene acn of Corynebacterium glutamicum is regulated by four 21 transcriptional regulators, indicating that the synthesis of this enzyme is carefully 22 controlled. In order to understand the causes for this elaborate regulation, the 23 properties of the deletion mutant Δacn-1 were analyzed in detail. The mutant was 24 glutamate-auxotrophic in glucose minimal medium, showed a strong growth defect and 25 secreted large amounts of acetate. None of these phenotypes could be complemented by 26 plasmid-encoded aconitase, suggesting the presence of a secondary mutation. In fact, a 27 point mutation within the gltA gene encoding citrate synthase was identified, which 28 caused instability of the protein and an almost complete lack of its enzymatic activity. 29
Subsequently, 27 further, independent Δacn clones were isolated and 15 of them were 30 found to contain distinct mutations in gltA causing loss of citrate synthase activity. A 31 similar result was observed for mutants lacking the isocitrate dehydrogenase gene icd. 32
In this case, 8 of 24
Δicd clones contained additional mutations in gltA. Indirect evidence 33 was obtained that elevated intracellular citrate concentrations could be the cause of this 34 selection pressure. Accordingly, the careful control of aconitase synthesis might have 35 evolved due to the necessity to avoid inhibitory cytoplasmic citrate levels on the one 36 hand and to prevent the excessive synthesis of an oxygen-sensitive protein requiring 37 both iron and sulfur on the other hand. 38
___________________________________________________________________________ 39
For most organisms, the tricarboxylic acid (TCA) cycle, also known as the Krebs cycle, is 40 mM potassium glutamate. 1 ml of the cell suspension was mixed with 250 mg zirconia/silica 165 beads (0.1 mm diameter, Biospec, Bartlesville, USA) in a 2 ml Eppendorf tube and the cells 166 were mechanically disrupted by 3×30 s shaking in a Silamat S5 (Ivoclar Vivadent, Ellwangen, 167
Germany). For the determination of citrate synthase activity in Δicd mutants, 1 ml of the cell 168 suspension was mixed with 400 mg zirconia/silica beads in a 2 ml screw-cap tube and the 169 cells were mechanically disrupted by 3 min shaking in a SpeedMill P12 Homogenizer 170 (Analytik Jena AG, Jena, Germany). Cell debris and unbroken cells were separated by 2×15 171 min centrifugation at 16,000 g at 4°C. Between the two centrifugation steps the supernatant 172 was transferred to a new tube. The resulting cell-free extract was kept on ice until used for the 173 assay, which was based on the reaction of coenzyme A with 5,5'-dithiobis(2-nitrobenzoic 174 acid). The absorbance of the resulting yellow 2-nitro-5-thiobenzoate dianion was measured 175 spectrophotometrically at 412 nm as described previously (47). Protein concentrations were 176 determined using the BCA protein assay kit (Pierce) with bovine serum albumin as standard. 177
Determination of glucose and organic acids. Glucose and organic acid concentrations in 178 supernatants were determined by ion exchange chromatography using an Agilent 1100 LC 179 system (Agilent Technologies, Waldbronn, Germany) equipped with a cation exchange 180 column (Organic acid Refil-column, 300 x 8 mm, CS-Chromatography GmbH, Langerwehe, 181 Germany). Substances were eluted with 100 mM H 2 SO 4 for 42 min at 40°C using a flow rate 182 of 0.4 ml min -1 . Eluted organic acids and glucose were detected by a diode array detector at a 183 wavelength of 215 nm or by a refraction index detector, respectively. The substances were 184 quantified by comparing the signal areas with calibration curves based on external standards. 185
Citrate concentrations were also determined enzymatically using a citrate assay kit 186 
RESULTS

212
Phenotypic properties of an aconitase deletion mutant. To study the role of aconitase in 213
Corynebacterium glutamicum, acn (cg1737) in-frame deletion mutants were constructed and 214 verified by colony PCR as described in Materials and Methods. Four independent clones were 215 isolated (Δacn-1 to Δacn-4) and the Δacn-1 clone was chosen for further characterization. As 216 expected, the mutant was not able to grow in CGXII glucose minimal medium without 217 supplementation of L-glutamate or L-glutamine. As shown in glutamate. In the exponential growth phase, the pH of the wild-type cultures dropped 239 significantly to about 5.2 due to the accumulation of lactate (up to 120 mM) and acetate (up to 240 100 mM) in the medium (Fig. 1A) The profiles of the ∆acn-1 strain were very different from that of the wild type (Fig. 1B) . 249
Besides the slower growth rate and the lower final OD, the pH never dropped but started to 250 increase right from the beginning of the cultivation and stabilized around pH 8.0. Lactate 251 formation was strongly reduced and reached concentrations of only 15 mM. In contrast, 252 acetate was excreted immediately after start of the cultivation and reached final 253 concentrations up to 120 mM. The acetate was not consumed again. Minor concentrations of 254 citrate (at most 2 mM) were detected in the supernatant of stationary phase cultures of the 255 Δacn-1 mutant, whereas citrate was not detectable by HPLC in the supernatant of the wild-256 type cultures. When an enzymatic assay was used, citrate concentrations of maximally 0.5 257 mM were detected in the wild-type culture supernatants (data not shown). 258
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The observation that the Δacn-1 mutant formed acetate right from the beginning of the 259 cultivation explains the strongly increased mRNA levels of the isocitrate lyase (aceA) and 260 malate synthase (aceB) genes compared to the wild type (Table S4) synthase. With the knowledge of these secondary mutations in gltA, another approach was 287 made to complement the glutamate auxotrophy of the Δacn-1 strain with an expression 288 plasmid containing not only acn, but also gltA (pAN6-acn-gltA). In this case, both the 289 glutamate auxotrophy and the growth defect could be abolished (Fig. S2) . 290
To test whether the absence of aconitase always causes suppressor mutations within the 291 gltA gene, new Δacn clones were isolated and analyzed by sequencing of the gltA gene, citrate 292 synthase activity assays and Western blot analysis with citrate synthase-specific antibodies. 293 Table 2 shows an overview of the results. Of the in total 28 Δacn clones, 16 contained an 294 altered gltA gene and remarkably all 16 gltA mutations were different. The following 295 mutations were observed: five single amino acid exchanges, four IS element insertions, three 296 frameshifts, two nonsense mutations, one 200 bp deletion and one partial duplication. 297
Whenever a mutation was observed in the gltA coding region, there was no citrate synthase 298 activity measurable in the cell-free extract of the respective clone (see also clones were isolated and analyzed by sequencing of the gltA gene, citrate synthase activity 309 assays and Western blot analysis with citrate synthase-specific antibodies (Fig. 2B, Table 3 ). 310
The Western blot was also probed with isocitrate dehydrogenase-specific antibodies to 311 confirm the absence of this enzyme. Eight of overall 24 Δicd clones contained a mutated gltA 312 gene. Interestingly, two of the eight clones carried an IS element insertion between the two 313 promoters of gltA, which in the case of strain Δicd-9 was located further upstream of the 314 transcriptional start site than in the case of the Δicd-13 mutant. The Δicd-13 clone showed a 315 strong decrease of citrate synthase activity and protein content, whereas the Δicd-9 clone 316
showed an intermediate phenotype. 317
Complementation studies were performed with strains Δicd-2 (active citrate synthase) and 318
Δicd-4 (inactive citrate synthase) using the plasmids pAN6, pAN6-icd, and pAN6-icd-gltA. 319
The glutamate auxotrophy of strain Δicd-2 containing an intact gltA gene could be 320 complemented with pAN6-icd, whereas for complementation of the Δicd-4 mutant with a 321 mutated gltA gene, the plasmid encoding both isocitrate dehydrogenase and citrate synthase 322 was necessary (data not shown). The results suggest that the selection pressure for citrate 323 synthase inactivation is less strong in ∆icd mutants compared to ∆acn mutants, which might 324 be related to the possibility of ∆icd mutants to metabolize isocitrate via the glyoxylate shunt. 325 To analyze the response to a sudden high intracellular citrate concentration, C. glutamicum 341 wild type was transformed with the expression plasmid pAN6-citH, which carries the citH 342 gene under the control of the tac promoter. The experimental setup is presented in Fig. S4 . 343
Two parallel cultures of the wild type carrying pAN6-citH and of the wild type carrying the 344 control plasmid pAN6 were grown in CGXII glucose medium with 1 mM IPTG. After four 345 hours, 50 mM sodium citrate and 5 mM CaCl 2 were added to one set, whereas no addition 346 was made to the second set of cultures. Samples were taken during cultivation and analyzed 347 for OD 600 , pH, substrate consumption and organic acid production (Fig. 3) . Before the 348 addition of citrate, all strains showed the same growth rate. After the addition of citrate, a 349 weak transient growth defect was observed for the control strain carrying pAN6, but also for 350 the cultures that were not supplemented with citrate. This was due to the multiple samplings 351 with and without citrate of the strain carrying pAN6 and the cultures without citrate of the 357 strain carrying pAN6-citH behaved similarly (Fig. 3) . In contrast, the cultures with citrate of 358 the strain carrying pAN-citH showed a very different behavior. The pH significantly increased 359 after citrate addition and remained in the alkaline region. Glucose consumption was 360 significantly retarded, whereas citrate was rapidly consumed. In the control strain carrying 361 pAN6, measurable citrate utilization started after a lag phase of about an hour, which 362 presumably was required for activation of citH and tctCBA expression by the CitAB two-363 component system. Lactate and acetate formation of the citrate-containing cultures of the 364 strain with pAN6-citH was much lower than that of the other cultures, presumably due to the 365 reduced glucose consumption. Instead, immediately after citrate addition this strain started to 366 excrete 2-oxoglutarate (up to 10 mM) and later on also small concentrations (1.5 mM) of 367 malate. The formation of 2-oxoglutarate indicates a metabolic bottleneck at the 2-oxoglutarate 368 dehydrogenase complex. 369
In order to get clues to the mechanism of citrate toxicity, the transcriptomes of the wild 370 type carrying pAN6-citH 20 min after citrate addition versus before citrate addition were 371 compared (Table S7) In total, 864 genes showed a more than two-fold altered mRNA ratio. A 372 similar comparison was also done for the control strain carrying pAN6 and in this case 218 373 genes had a 2-fold altered mRNA level (Table S8 ). Despite these many changes, it was not 374 possible to get obvious hints on the mechanisms of citrate toxicity. However, the fact that a 375 sudden rapid uptake of citrate leads to a complete, transient growth stop supports the 376 assumption that high intracellular citrate concentrations are harmful for C. glutamicum cells. Staphylococcus aureus an aconitase deletion mutant has been described (53), but not its 428 growth properties in glucose-based minimal medium. In Bradyrhizobium japonicum the 429 deletion of acnA did not lead to a clear glutamate auxotrophy, but growth was severely 430 inhibited and could not be restored by supplementation of the medium with glutamate (57). 431
As only a single aconitase gene was found in the B. japonicum genome sequence (28), the 432 acnA disruptant may possess some residual aconitase activity. 433
The effect of aconitase and isocitrate dehydrogenase deletions on citrate synthase is not 434 restricted to prokaryotes, as a similar phenomenon was also found in yeast. It was shown that 435
Δicd and Δaco1 mutants of Saccharomyces cerevisiae share several growth phenotypes, for 436 example poor growth on glycerol, inability to grow with acetate as sole carbon source or a 437 propensity to generate petite segregants, which can be complemented or at least moderated by 438 co-disruption of cit1 coding for mitochondrial citrate synthase (17, 37, 45). 439
From the literature survey above it is obvious that several microorganisms lacking 440 aconitase or isocitrate dehydrogenase showed a less severe growth phenotype when 441 simultaneously citrate synthase activity was absent. This study is the first one, however, in 442 which secondary mutations in the citrate synthase gene caused by the deletion of acn or icd 443 were analyzed in detail and in a set of more than 50 independent mutants. Our results 444 demonstrate that it is impossible to characterize "the" ∆acn mutant, because different clones 445 can vary significantly. 
